-regulated
neural-synaptobrevin (n-syb), synaptotagmin (syt), sec1 dense-core vesicle exocytosis in vertebrate neuroen-(rop), and UNC-13 (dUNC-13) has shown each of these docrine cells. Here we report the cloning, mutation, proteins is involved at a conserved stage of synaptic and characterization of the Drosophila ortholog (dCAPS -dependent vesicular exocytosis. CAPS (calNeural and endocrine cells contain regulated secretory cium-activated protein for secretion) is a 145 kDa neural/ pathways that mediate the release of neurotransmitters endocrine-specific protein that was purified as a cytoand neuropeptides using both conserved and divergent solic factor required for Ca To definitively elucidate the role of CAPS in vivo and ogy (PH) domain at aa 573-683 may be responsible for membrane association (Mayer et al., 1993) . Intriguto develop a model amenable to detailed cellular analyses, we undertook a study of CAPS in Drosophila. We ingly, a region of relatively high homology (Ͼ40%) to a conserved region of the dUNC-13 gene product is loreport here the characterization of the Drosophila CAPS homolog, dCAPS, and show that it is encoded by a cated at the C-terminal region of dCAPS, aa 761-1043 (Maruyama and Brenner, 1991). This region contains single-copy gene located at the distal tip of the Drosophila 4 th chromosome. dCAPS RNA is expressed only in the the syntaxin-interaction domain (SID) through which the UNC-13 family interacts with the SNARE complex (Betz nervous system. dCAPS protein is enriched in synaptic regions of the central nervous system and in the presynet al., 1997, Figure 1B Figure 2F , see below), suggesting these alleles are RNA nulls and proving the specificity of the The dCAPS gene was cloned on the basis of homology to rat CAPS (Ann et al., 1997) . Probes comprised of RNA probe. The distribution of dCAPS is in accord with the localization in C. elegans and rat CAPS orthologs portions of the rat CAPS open reading frame (ORF) were used to identify three cDNA clones from a ZAP cDNA where expression is restricted to nervous and endocrine tissues (Ann et al., 1997; Livingstone, 1991; Walent et library generated from a Drosophila head mRNA library. Alignment and sequencing of these clones revealed an al., 1992). The neural-specific dCAPS mRNA localization was also consistent with the dCAPS protein distribution ORF of 1350 amino acids that is 59% identical at the amino acid level to rat CAPS ( Figure 1A ). This degree (see below). Antibodies were generated against bacterially exof identity between the invertebrate and mammalian homologs is similar to that of other well-conserved synappressed dCAPS fusion proteins for immunolocalization studies (see Experimental Procedures). dCAPS protein tic genes in Drosophila (Broadie, 1995) . The predicted size of the protein produced by this ORF is 153 kDa, was wholly restricted to the nervous system at all stages of development and highly localized at synapses (Figure similar to the 145 kDa rat CAPS protein (Walent et al., 1992).
3). Expression of dCAPS protein was completely eliminated in dCAPS mutants (see below), proving the speciAmino acid sequence analysis of dCAPS revealed several regions of homology to other known proteins ficity of the staining. 
The dCAPS protein is found in all identified classes

Isolation of dCAPS Mutants
The dCAPS gene was localized to the distal tip of the of peripheral and central synapses (Figure 3 ). In the CNS, dCAPS is highly enriched in the synapse-dense neuropil, 4 th chromosome, cytological region 102F5-8, by in situ hybridization of a cDNA clone to polytene chromosomes which lacks cell bodies. The protein appears to be present in all synapses in the neuropil where it precisely ( Figure 4A ). To determine how many isoforms exist in Drosophila, Northern analysis was carried out using porcolocalizes with other pansynaptic markers ( Figure 3A) . For detailed synaptic expression analyses, we focused tions of dCAPS as a probe. Three individual dCAPS probes hybridized to a single band of 5.4 kb, similar on the large, accessible neuromuscular junction (NMJ). The protein is similarly abundant in all classes of NMJ to the size predicted for the dCAPS ORF, enriched in poly(A) ϩ -selected RNA ( Figure 4B ). Subsequent screentermini, including type I, II, and III NMJs, where it localized to all three bouton types ( Figures 3B and 3C ). Suring for dCAPS mutants revealed a chromosomal deficiency that completely removes the gene ( Figure 4C ). prisingly, dCAPS was expressed at similar levels in boutons which contain primarily small clear glutamatergic T(1:4)sc H has the distal tips of the 1 st and 4 th chromosomes translocated, which moves the y ϩ marker to the vesicles (Type I; Figures 3B and 3D Figure 3B ).
for lethality ( Figure 4C ). Genetic evidence that the two alleles of the l(4)102Fb Double labeling with postsynaptic markers clearly showed the presynaptic dCAPS protein surrounded by complementation group are mutations specific to the dCAPS gene was provided by the rescue of these mutaa halo of the postsynaptic protein ( Figure 3D ). We conclude that dCAPS protein is restricted to all classes of tions with a rat CAPS transgene. A transposable P-element containing the rat CAPS cDNA under the control presynaptic termini independent of the ratio of vesicular content (dense-core versus clear synaptic vesicles).
of UAS sequences (Brand and Perrimon, 1993, referred showing that these mutants are protein nulls. Thus, by ing the rat protein appeared to be phenotypically wildtype, with no detectable morphological or behavioral both genetic and biochemical criteria, we conclude that l(4)102Fb BJ encodes dCAPS, and that the rat CAPS defects. This transgenic rescue indicated that rat and Drosophila CAPS function in a highly similar manner, transgene is sufficient to rescue dCAPS null alleles. proving a high degree of functional conservation of CAPS across species.
Gross Phenotype of dCAPS Null Mutants
The dCAPS null mutant alleles die at the late embryo/ Additional confirmation that l(4)102Fb contained mutations specific for dCAPS was provided by biochemical early 1 st instar larva junction; a small minority of mutant larvae ( The dCAPS null mutant animals showed no detectable for a dCAPS cDNA probe revealed that dCAPS BJ is an RNA null ( Figure 2F ). Antibodies specific for dCAPS also gross morphological abnormalities. The body plan appeared fully differentiated and there was no indication did not produce a detectable signal in either dCAPS mutant allele ( Figure 5 ). In controls and the rescued of defects in epidermal segmentation or patterning. Likewise, internal tissues including the gut, tracheal sysstrains, dCAPS expression is detectable at the embryonic NMJ at hatching (22-24 hr after fertilization) where it tem, musculature, and nervous system appeared fully differentiated and contained no detectable morphologiis tightly restricted to synaptic boutons and colocalizes with presynaptic markers (Figure 5 ). This expression cal abnormalities (data not shown). Given the synaptic Figure 6D ), but Ca 2ϩ coDCVs are harder to quantify for two reasons: (1) they are more rare than SVs, and (2) they do not appear to operativity was not completely rescued to control levels. This incomplete rescue likely explains the slight deprescluster at any presynaptic specialization (Jia et al., 1993) . Therefore, DCVs were quantified based on their mean sion in EJC amplitude observed in the rat CAPS rescue line at physiological Ca 2ϩ levels ( Figure 6B ). These data distribution throughout the NMJ bouton. The number of DCVs was strikingly increased in dCAPS null mutants, to suggest that dCAPS regulates, either directly or indirectly, the Ca 2ϩ dependence of glutamatergic neuroan average density more than 3-fold higher than controls ( Figure 7C ). This accumulation of DCVs was specific to transmission.
We next conducted miniature EJC (mEJC) quantal dCAPS mutants, and was not observed in dUNC-13 null mutants, which had a DCV density similar to controls analysis of spontaneous vesicle fusion events at the NMJ (Figures 6E and 6F ). This assay examined the fusion ( Figure 7C ). These results suggest that dCAPS is necessary for DCV fusion. probability at the presynaptic terminal, in conjunction with the size and sensitivity of the postsynaptic receptor field. The dCAPS null mutants, transgenic rescue, and Motoneuron-Specific CAPS Expression Does controls show similar mean mEJC amplitudes ‫001ف(‬ pA, Not Rescue Synaptic Function Figure 6E ). Likewise, the distribution of mEJC ampliPrevious work in vertebrate systems has suggested that tudes was statistically similar in all genotypes, as were CAPS plays a specific function in DCV exocytosis, with rise and decay kinetics (data not shown). These observano detectable role in glutamatergic SV exocytosis. Yet tions indicate that the postsynaptic receptor field has our analyses clearly show that dCAPS is not only renormal sensitivity to quantal transmitter release, showquired for DCV exocytosis, but also plays a strong faciliing that the decrease in evoked transmission in dCAPS tory function in late stage glutamatergic synaptic vesicle mutants is due to a specific presynaptic defect. Simiexocytosis. In order to determine whether the defect larly, the frequency of mEJC events was not significantly in synaptic vesicle release is a primary or secondary different between genotypes (Figure 6F ), suggesting consequence of the dCAPS mutation, we used the that the probability of spontaneous synaptic vesicle fu-GAL4-UAS system to express CAPS in a small, identified sion is not dependent on dCAPS function. A presynaptic subset of motor neurons in an otherwise null dCAPS function for dCAPS is consistent with the protein expresmutant embryo (Figure 8 ). We then assayed for rescue sion pattern and hypothesized functions of CAPS in of glutamatergic transmission in these specific cells. mediating vesicular fusion. These results suggest that
The RKK even-skipped (eve)-GAL4 driver is expressed dCAPS specifically affects Ca 
, 2000). We used this driver to express the UAS-rat CAPS transgene (FigSpecific Accumulation of Dense-Core Vesicles ures 4D and 4E). In dCAPS mutants, evoked neurotransat dCAPS Mutant Synapses mission at muscle 1 was impaired as in muscle 6 (cf. The preceding results show that synaptic vesicle fusion
Figures 6A and 6B with 8B and 8C). This impairment was is impaired in dCAPS mutants, leading to the prediction not rescued by expression of CAPS in the presynaptic of synaptic vesicle accumulation. Similarly, earlier studmotor neuron ( Figure 8C ). We have previously used this ies on the functionally conserved mammalian CAPS sugexact method for the cell-specific rescue of a synaptic gest that dense-core vesicle fusion depends on the protransmission defect (Featherstone et al., 2000) , supporttein, leading to the prediction that dense-core vesicles ing the validity of this test and strongly suggesting that should accumulate in dCAPS mutants. The only method the CAPS requirement is not within the innervating neuto test these predictions is electron microscopy examiron. Thus, the requirement for CAPS in facilitation of nation of vesicle distribution. Synaptic vesicles (SV) and glutamatergic synaptic vesicle exocytosis must be cell dense-core vesicles (DCV) are both present in Drosophnonautonomous. We conclude that the role of dCAPS in ila NMJs ( Figure 7A) . We therefore performed ultrastrucglutamate synaptic transmission is secondary to dCAPS tural analyses of SV and DCV distribution in embryonic function in a different cell, most likely due to the block NMJs of dCAPS null mutants.
of DCV exocytosis. Consistent with both of the above predictions, ultrastructural analyses revealed a very significant accumulation of both SVs and DCVs at dCAPS embryonic NMJs Discussion (Figure 7 ). SVs were quantified at presynaptic active zones marked by electron-dense T-bars, the specialized 
CAPS Is a Functionally Conserved Exocytosis Regulator in Mammals and Flies domains of SV exocytosis. Compared to controls, dCAPS mutants displayed
dCAPS Mutants Display an Increase in the Number of Glutamatergic SVs and a Specific Accumulation of DCVs at the NMJ Embryonic NMJ boutons were visualized by TEM (see Experimental Procedures) in mature embryos (22-24 hr), and the density of SVs and DCVs compared between control (yϪ/yϪ), dCAPS null mutants, and dUNC-13 null mutants. (A) Representative images from the three genotypes showing gross phenotypes and vesicle classes. Synaptic vesicles (upper row) were quantified at presynaptic active zones, marked by characteristic electron-dense structures (T-bars). Dense-core vesicles (lower row) were defined by their large diameter (Ͼ100 nm) and characteristic electron-dense profiles (arrows). DCVs do not cluster at active zones or elsewhere and were quantified throughout presynaptic boutons. Scale bar is 100 nm for all panels. (B)
The number of clustered SVs at the active zone (defined as a 250 nm radius around the active zone) was quantified in control, dCAPS, and dUNC-13 null mutant embryos. Both dCAPS and dUNC-13 show a highly significant increase in SV density specifically accumulated at presynaptic release sites. (C) DCV density throughout the bouton was quantified in the same genotypes. A significant, 3-fold increase in DCV density was observed in dCAPS embryos. This increase was specific to dCAPS, as dUNC-13 had DCV density comparable to controls. ] cooperativity in SV function. Regardless of the underlie fast (e.g., synaptic) and slow (e.g., dense-core mode of dCAPS activity, these observations show that vesicle-mediated) transmitter release in mammals it is an essential modulator of synaptic function at the (Gainer and Chin, 1998).
NMJ. That dCAPS is expressed in synaptic boutons
In contrast to synaptotagmin's complexity, the UNCwhose primary function is to mediate fast, glutamatergic 13 proteins appear to have a highly specific function in synaptic transmission is supporting evidence that Ca that UNC-13 may play some role in DCV exocytosis in and essential regulators of SV fusion (e.g., dUNC-13; mammals. Aravamudan et al., 1999). These results confirm the elecAs discussed above, dCAPS plays a role in DCV retrophysiological analyses and demonstrate that dCAPS lease, but also has a modulatory function that indirectly indirectly regulates SV fusion at a late stage of the exofacilitates synaptic function, presumably by controlling cytosis pathway. In addition, dCAPS clearly plays a the release of DCV contents. The modulatory role of highly specific role in DCV release. The dCAPS mutants dCAPS is in other cells, not within the same synaptic show a Ͼ3-fold accumulation of DCVs at the NMJ; terminal, moving it beyond the realm of a Ca 2ϩ sensor whereas dUNC-13 mutants, which completely block SV directly involved in SV fusion. Support for these data exocytosis, are indistinguishable from controls. These comes from the phenotype of C. elegans null alleles results argue that dCAPS has a specific function in mediof CAPS (UNC-31), which suggests that DCV-mediated ating DCV release, consistent with studies of mammaserotonergic function is impaired (Avery et al., 1993) . Moreover, while synaptic recordings of C. elegans unclian CAPS function, but also that a dCAPS-dependent mutants most likely lack secretory capacity for one or more of these neuromodulators, which act presynapti-
CAPS Transgene Expression
The rat CAPS cDNA from pCI-Neo-CAPS (from R. Grishanin) was cally to potentiate late stage glutamate release, through Embryos were prepared for TEM by a modified version of a proceBreeding flies were maintained at 25ЊC on apple juice agar plates, dure described previously (Broadie and Bate, 1993) . Staged and and allowed to lay for 2 hr periods. Embryos were dechorionated genotyped embryos were manually dechorionated and injected with in commercial bleach, and 22-24 hr embryos were selected, and fixative (5% glutaraldehyde in 0.05 M phosphate buffer). Anterior secondarily staged based on the presence of air in the trachea. All and posterior extremities were excised and the body of the embryo experiments were conducted on freshly dissected whole embryos. was transferred to 2.5% glutaraldehyde in 0.05 M phosphate buffer Embryos were placed on Sylgard-coated coverslips, under refor 30-60 min, then washed three times in buffer and transferred to cording solution. The embryo was removed from the egg case, and 1% osmium tetroxide in dH 2 O for 3 hr. Specimens were washed tacked to the Sylgard slip using Histoacryl glue (Braun Surgical, four times in dH 2 O, stained en bloc in 2% aqueous uranyl acetate for Germany). The embryo was cut longitudinally along the dorsal (for 30 min, dehydrated in an ethanol series, passed through propylene access to muscle 6) or lateral surface (for access to muscle 1) using oxide, and finally transferred to araldite. Ribbons of thin ‫03ف(‬ nm) a sharp glass microelectrode. The gut was then removed using mild sections were obtained and examined on a Hitachi H-7100 TEM. suction to expose the ventral nerve cord, peripheral nervous system, For synaptic vesicle (SV) analyses, NMJ active zones were identiand somatic musculature. The lateral body walls were held to the fied by the presence of the electron-dense T-bar. Active zones that coverslip using Histoacryl glue.
were identified in at least two consecutive sections were collected, and morphometric analysis of synaptic vesicle distribution was done Immunohistology with NIH Image. The radial dimension of SV clusters (clustered SVs) Larvae were fixed for 40-60 min in freshly prepared Bouin's Fixative at active zones (250 nm) was determined as described previously (25 ml formalin, 75 ml saturated picric acid solution, 5 ml acetic Significant values were calculated using Mann-Whitney U-test. Preparations were then incubated overnight at 4ЊC with rabbit polyclonal anti-dCAPS (␣dCAPS, 1:50, preabsorbed against wild-type
